We have investigated the use of a natural transformation protocol to introduce mutations into Actinobacillus pleuropneumoniae serotypes 1 and 5b. For both strains tested, we recovered 1 in 10 8 transformants during culture in rich medium, a result that was independent of the growth phase. This low frequency of transformation of A. pleuropneumoniae did not increase when bacteria were grown under conditions known to be optimal for induction of competence in Haemophilus influenzae. Using linearised plasmid DNA containing a kanamycin cassette inserted into the sodC gene of A. pleuropneumoniae serotype 1, we showed that natural transformation can be used as a simple method for introducing allele replacements into this bacterium, and can be used to transfer mutations from one serotype to another.
Introduction
Actinobacillus pleuropneumoniae, a member of the Pasteurellaceae, is the causative agent of porcine pleuropneumonia, a highly contagious, often fatal, respiratory disease that causes considerable economic losses to the swine industry worldwide. Pathogenesis of A. pleuropneumoniae infection is multifactorial [1] . Recent signature-tagged mutagenesis (STM) studies have identified a large number of genes that contribute to the ability of A. pleuropneumoniae to survive and cause disease in pigs [2, 3] . It is likely that more virulence-associated genes are yet to be described. With the whole genome sequence of three strains of A. pleuropneumoniae nearing completion, it will soon be possible to target genes for creation of mutants in order to determine their function and contribution to virulence.
There is no really satisfactory method available for allele replacement in A. pleuropneumoniae. Both conditionally replicating and suicide plasmids, which can be delivered by either electroporation or conjugation, have been used to create knockouts in A. pleuropneumoniae [4] [5] [6] [7] [8] . However, in the case of electroporation, plasmid DNA prepared in Escherichia coli is prone to digestion by the endogenous restriction enzymes present in A. pleuropneumoniae, with the exception of serotype 7 strains that appear to lack this barrier [4] . Also, following either electroporation or conjugation, integration of the entire plasmid may occur due to a single crossover event [4, 5, 9] .
Natural transformation is the process by which DNA is taken up from the environment and transported into the cytoplasm as a single strand [10] . Single-stranded DNA is not generally subject to digestion by restriction enzymes, and homologous regions can efficiently recombine into the chromosome [10] . A number of bacterial species are naturally competent, including other members of the Pasteurellaceae, and natural transformation of Haemophilus influenzae is particularly well characterised [10] . Competence development in H. influenzae occurs upon entry into stationary phase, or upon shift of an exponentially growing culture from rich medium into starvation conditions, and requires the Sxy regulator, cyclic AMP (cAMP) and the catabolite regulatory protein, CRP [11] [12] [13] [14] [15] . Recently, development of competence for natural transformation was shown to be similarly regulated in another of the Pasteurellaceae, Actinobacillus actinomycetemcomitans [16] . This led us to investigate the possibility of using natural transformation for generating allele replacements in A. pleuropneumoniae.
Materials and methods

Bacterial strains and culture conditions
Actinobacillus pleuropneumoniae strains Shope 4074 (serotype 1) and L20 (serotype 5b) were propagated at 37°C with 5% CO 2 on brain-heart infusion (BHI) agar (DIFCO) supplemented with 10% Levinthal's base (BHI L ). Levinthal's base was prepared by heating 500 ml sterile defibrinated horse blood, combined with 1 l of sterile BHI broth, to 80°C for 45 min. The mixture was allowed to cool to 50°C, 1 g b-nicotinamide adenine dinucleotide (NAD) was added, and the cell debris was removed by centrifugation at 8000g for 30 min. Aliquots were stored at )20°C. Alternatively, cultures were grown in BHI broth with 0.01% NAD (BHI N ). When necessary, the media were supplemented with 1.5 lg/ml chloramphenicol (Cm), 7.5 or 10 lg/ml tetracycline (Tc), or 50 or 100 lg/ml kanamycin (Km).
Preparation of donor DNA for transformation
Donor chromosomal DNA was isolated from previously created serotype 1 knockout strains [4, 7, 17] using a QIAamp mini DNA kit (Qiagen). The DapxICADcapxIICA strain ( [4] ; supplied by Dr. Bouke Boekema, Institute for Animal Science and Health, Lelystad, The Netherlands), contains a Cm cassette replacing part of the apxICA genes, and a Tc cassette replacing part of the apxIICA genes. Both the sodC::Km [7] and aroA::Km ( [17] ; supplied by Dr. Andrew Rycroft, Royal Veterinary College, North Mymms, Hatfield, Hertfordshire, UK) strains are insertion mutants containing a Km cassette in their respective mutated genes. Plasmid pJSK333, previously used to create the sodC::Km knockout strain [7] , was isolated from E. coli DH5a using the QIAGEN miniprep kit (Qiagen). Plasmid DNA was linearised with NotI prior to use in transformation assays.
Broth transformation assay
Prior to conducting transformation experiments, the level of spontaneous resistance to each antibiotic was determined by plating dilutions of late exponential phase cultures of serotype 1 and 5b on to selective and nonselective agar. Competence development was monitored during growth in BHI N as previously described [14] . Briefly, 1 ml aliquots of culture were removed at different time points and added to tubes containing 1 lg chromosomal DNA (either from the sodC::Km mutant or the DapxICADapxIICA strain). Control cultures received no DNA. These tubes were incubated for 25 min at 37°C, and then 10 U DNase I were added, and incubation was continued for an additional 5 min at 37°C. In order to allow time for expression of antibiotic resistance, two volumes of BHI N were added and incubation at 37°C was continued for an additional 100 min, prior to plating dilutions on selective and non-selective agar. Plates were incubated overnight at 37°C in a 5% CO 2 atmosphere.
Transformation frequencies were determined as the number of antibiotic resistant cfu/ml recovered divided by the total cfu/ml counted on non-selective agar. PCRs were performed using appropriate primer pairs to confirm that antibiotic-resistant colonies were true transformants, and to confirm the location of the resistance cassettes.
In an attempt to increase the frequency of transformation, cells were shifted from rapid growth in BHI N to starvation in the minimal medium MIV, as described previously [18] . Briefly, 10 ml of culture ðOD 600 ¼ 0:10Þ were centrifuged at 10,000g for 5 min, washed two times and resuspended in an equal volume of MIV AE 2 mM cAMP. The cultures were incubated at 37°C for 100 min with shaking at 200 rpm, and then divided into 1 ml aliquots AE1 lg/ml donor DNA. Cultures were incubated for 25 min at 37°C, agitated gently on a roller, after which 10 U DNAse I were added. Two volumes of BHI N were added, and the cultures were incubated for an additional 100 min prior to plating out dilutions on selective and non-selective agar.
Plate transformation assay
Transformation of bacteria during growth on agar plates was performed as previously described [16] , with some modifications. Briefly, cells from an overnight plate culture were used to inoculate 5 ml BHI N broth. When the OD 600 reached 0.50 (approximately 1 Â 10 9 cfu/ml), 20 ll of culture were spread on to BHI L plates in a 10 mm diameter circular patch. Plates were incubated for 100 min at 37°C, then 10 ll of donor DNA (1 lg total) were pipetted on to the cells and spread throughout the growth using a sterile loop. Control cultures received no DNA. Following incubation at 37°C for 4 h, bacteria were removed from the agar surface using a sterile loop, and were resuspended in 2 ml of sterile phosphate-buffered saline. The cell suspensions were diluted and plated on to selective and non-selective agar. Plate transformation assays were used to compare the ability of the different donor DNAs to transform both serotype 1 and 5b strains. Transformation efficiency is expressed as the number of transformants per lg of DNA.
Allele replacement using cloned DNA
In order to determine the usefulness of natural transformation in generating knockout mutants, we used the plasmid pJSK333 that was previously used to construct the A. pleuropneumoniae sodC::Km mutant via electroporation [7] . Plasmid DNA was linearised with NotI prior to use in a plate transformation assay. The amount of plasmid DNA was compared to the amount of chromosomal donor DNA required for transformation; 0.002-2 lg of each DNA was tested.
Results and discussion
Both serotypes 1 and 5b of A. pleuropneumoniae were shown to be competent for transformation using donor DNA prepared from various serotype 1 knockout strains tested, with frequencies of transformation around 10 À8 during growth either on agar plates or in broth culture. Efficiencies of transformation achieved ranged 22 to 476 transformants per lg DNA (Table 1) . Despite the low frequency and efficiency of transformation, use of a cassette of this kind allowed unequivocal demonstration by PCR that transformation (rather than spontaneous mutation) had been achieved (Fig. 2) .
Transformants were obtained using as little as 2 ng of plasmid or chromosomal DNA, but no increase in yield was achieved when P 0.125 lg chromosomal DNA was used (Table 2) . When the donor source was plasmid DNA, saturation of transformation was not observed up to the maximum of 2 lg DNA that was employed. Greater amounts of plasmid DNA may yield higher numbers of transformants. However, for routine transformations, 1 lg of donor DNA appears adequate.
Both the choice of antibiotic resistance cassette and the nature of the resulting mutation appear to influence a Transformation efficiencies were determined using 1 lg of donor DNA during growth on agar plates. All experiments were done six times. Results show the mean and standard error of the mean (SEM) for all replicates.
b Cm: 1.5 lg/ml chloramphenicol; Tc: 10 lg/ml tetracycline; Km: 100 lg/ml kanamycin for sodC::Km and pJSK333, 50 lg/ml kanamycin for aroA::Km.
c ND: not detected. In these cases, the presence of transformants was obscured by high frequency of spontaneous resistance to the antibiotics. 1 and 7) . In lanes 4-6 and 10-12, a region of sodC has been amplified using primers sodFor (CTCACAAATCTAGCTCTTGC) and sodRev (CGTGAATCATAAAAGAATGAC) that amplifies a 487 bp fragment in wild-type (lanes 4 and 10), and a 1739 bp fragment in the knockout strains (lanes 5, 6, 11 and 12) . the ability to detect transformants. The serotype 5b strain is more resistant to kanamycin, and both serotypes are resistant to tetracycline, making detection of transformants difficult (Table 1 ). The aroA::Km transformants could only be detected after incubation for 48 h on plates containing 50 lg/ml kanamycin, suggesting a decrease in fitness of these strains.
Our attempts to increase the frequency of transformation of A. pleuropneumoniae by altering growth conditions have so far been unsuccessful. In H. influenzae, competence develops spontaneously as cells progress from exponential phase into stationary phase during growth in rich broth [14, 15] . In contrast, there was no significant increase in frequency of transformation of A. pleuropneumoniae (Fig. 1) . Whereas a marked increase in transformation frequency can be induced when H. influenzae is shifted from growth into non-growth (MIV) medium, with or without addition of cAMP [14, 15] , no significant increase was seen with A. pleuropneumoniae under these conditions (data not shown). Thus onset of starvation, either upon entry into stationary phase, or via shift to non-growth medium, is not sufficient to induce enhanced competence in A. pleuropneumoniae. Insensitivity to exogenous cAMP further illustrates that competence development in A. pleuropneumoniae differs from the process in H. influenzae. The process is either not regulated via catabolite repression, as it is in H. influenzae, or other conditions, yet to be determined, are also required to induce higher levels of competence.
In conclusion, despite its low frequency, natural transformation has provided a simple, rapid experimental method for generating allele replacements in A. pleuropneumoniae and can be used to transfer mutations from one serotype to another. Attempts to transform a serotype 7 strain (AP76 [6] ) were unsuccessful (data not shown). However, it is possible that, as has been noted with other transformable bacteria, different strains may vary in their degree of competence [16] , and additional strains and serotypes need to be tested. The value of transformation as a method for creating allele replacements is enhanced by the fact that recipient cells require no prior treatment, and following a brief culture in the presence of donor DNA (chromosomal or plasmid), transformants are obtained after overnight incubation on selective agar. In contrast, preparation of electrocompetent cells is time consuming, and yields of transformants following electroporation are generally low [4] : the efficiency of natural transformation (ranging from 22-476 transformants per lg DNA) compares favourably to efficiencies previously reported (1-100 transformants per lg DNA) for creation of electroporated knockout mutants [4] . In addition, serotype 5 strains have been reported to be more difficult to transform by electroporation [8] , whereas, using natural transformation we found little difference in transformation efficiency between serotypes 1 and 5, the only difference being the amount of spontaneous resistance to various antibiotics. Methods of allele replacement based on conjugation require mobilisation of a conditionally replicating or suicide vector from a donor strain into the recipient, followed by counter-selection to eliminate the donor strain. Usually, the recipient strain needs to carry an antibiotic resistance marker, in addition to the one acquired from the insertionally inactivated gene, to allow counter-selection. In this case it is first necessary to generate the antibiotic resistant recipient strain. Oswald et al. [6] have described a transconjugation system that uses sucrose-based counter-selection to introduce unmarked deletions into A. pleuropneumoniae. This method is time consuming, and requires a specialised vector carrying the sacB gene of Bacillus subtilis under the control of the omlA promoter from A. pleuropneumoniae. The generation of unmarked deletion mutants may be necessary when the mutants are to be used as live vaccine candidates, or when creation of non-polar mutants is desired. However, for initial investigation of gene function, natural transformation provides a simple alternative method for generating knockout mutants. 
